Under the Kyoto Protocol the European Union agreed to reduce emissions of greenhouse gases by 8 percent. The Burden-Sharing Agreement (BSA) redistributes the reduction target among the member states. The purpose of this paper is to evaluate the BSA. To analyze if cost-efficiency were considered, marginal abatement costs are first calculated based on an estimation of the directional output distance function using country production data for 1990-2000. Marginal abatement costs, together with equity indicators are then regressed on the emission change targets. The main conclusion is that both efficiency and equity were important aspects considered in the settlement.
Introduction
In 1992 over 150 states signed the United Nations Framework Convention on Climate Change (UN-FCCC), which objective is to stabilize greenhouse gas concentrations. The quantification of emission limits, reduction objectives and policies to meet these objectives were settled in Kyoto. This resulted in the adaptation of the Kyoto Protocol in December 1997. Under the Protocol the European Union (EU) committed itself to reducing the emissions of 6 greenhouse gases (GHGs) by 8 percent during the period 2008-2012, in comparison with the levels in 1990. It was agreed that the EU could redistribute its assigned GHG reduction target among the member states as long as the outcome amounted to an overall reduction of at least 8 percent. The problem of how the burden of climate policy should be allocated across countries is one of the most challenging issues in climate negotiations and will largely determine the allocation of abatement costs.
The Climate Convention gave no clear guidelines on how to redistribute, but emphasized the importance of equity and efficiency. 1 Article 3.1 says that parties should protect the climate system on the basis of equity. Equity is not defined, however according to Article 4.2a: "differences in parties starting points and approaches, economic structures and resource bases, need to maintain strong and sustainable economic growth, available technologies, and other individual circumstances, as well as the need for equitable contributions" should be taken into account in the settlement of reduction targets. Furthermore, Article 3.3 states that policies and measures to deal with climate change should be cost-effective to ensure global benefits at the lowest possible cost. Which national circumstances that should be considered to promote 'equity' and how, were discussed in the country negotiations that preceded the settlement.
Several comprehensive approaches have been launched to address the issue of differentiation of mitigation commitments, among those are; multi-stage, per capita convergence, Triptych, and multi-sector convergence. 2 The results of the Triptych study (Phylipsen et al., 1998) , commissioned by the Dutch Presidency of the EU, 1 Unlike efficiency, no universal consensus exists on the best definition of equity. Key principles of equity in international climate negotiations have been defined by, for example, Ringius et al. (2002) and Rose et al. (1998) . In this paper, equity refers to distributional justice of the European redistribution of the 8 percent GHG reduction target. 2 For an explanation of these approaches, see Sijm et al. (2001). served as an advisory document and was claimed to influence the final agreement for EU (Blok et al., 1997; Ringius, 1997; Barker et al., 2001) . The Triptych study suggests that emissions are 'equitably' redistributed among the member states if national circumstances such as population size and growth, standard of living, economic structure, energy efficiency in power generation, and climate are taken into account. How to actually redistribute was agreed in 1998, and is referred to as the Burden-Sharing Agreement (BSA) (e.g., The Commission of the European Communities, 2000) . This agreement lays down differentiated emission limits for each Member State with the aim to ensuring that the EU meets its overall 8 percent reduction commitment under the Protocol. Limits are expressed in terms of percentages by which Member States must reduce, or in some cases may hold or increase, their emissions compared with the base year level (1990) Table 1 .
Since efficiency and equity often are conflicting criteria, the purpose of this paper is to analyze which aspects finally influenced the settlement of the BSA. The equity hypotheses tested refer to whether the national circumstances pointed out by the Triptych study influenced the BSA. In particular, if poorer member states were given a lighter environmental burden. The efficiency criterion focuses on the costeffectiveness of the allocation of abatement resources between the EU Member States. Specifically, the hypothesis tested is whether higher marginal abatement costs (MACs) of GHGs contributed to lighter emission requirements, and vice versa. As a first step, MACs of GHGs are estimated for each EU Member State, using aggregate production data for the period 1990-2000. A shadow pricing model originating from Färe et al. (2002 Färe et al. ( , 2005 will be used. The model is founded on production theory where the technology is represented by the directional output distance function, from which the MACs are derived. To test the cost-efficiency and equity hypotheses, the BSA emission changes are regressed on the estimated MACs together with variables capturing differences in national circumstances, suggested by the Climate Convention and the Triptych study.
Many economic analyses, following the adaptation of the Kyoto Protocol, have focused on analyzing the market for GHGs emission trading. The main conclusion of these studies is that trading improves cost-efficiency, lowering the cost of implementing the Protocol.
3 Overviews of such studies are provided in the IPCC Third Assessment Report of Working Group III "Mitigation" by Metz et al. (2001) , and in the special issue of the Energy Journal, edited by Weyant and Hill (1999) .
Even if the permit allocation does not affect cost efficiency, it can be interpreted as a lump sum redistribution instrument to pursue equity objectives. Equity and efficiency issues have been analyzed focusing on the distribution of carbon dioxide tradable emission permits (see e.g., Larsen and Shah, 1994; Nilsson, 2004; Rose et al., 1998; Shiell, 2003) .
At least in the first trading period 2005 to 2007 of the European Union GHG Emission Trading Scheme (EU ETS), only carbon dioxide emission intensive industries will be involved in the trade. In order to reach the BSA countries need to adopt other measures to control emissions in sectors not covered by the EU ETS.
Given the large sums that have to be spent on abatement, it is important that the overall reductions made are cost efficient. An analysis of the BSA will reveal if the European reduction of GHGs is cost efficient and equitable. To our knowledge, only few analyses question the BSA; a welfare analysis by Böhringer et al. (2002) translates the BSA into welfare impacts using a static computable general equilibrium (CGE) model of the EU. These impacts are composed of substitution effects and cross-country income effects triggered by the imposition of carbon emission constraints. Their results indicate that the BSA does not result in an equitable outcome in welfare terms. In a similar analysis by Eyckmans et al. (2002) a welfare analysis is made using a CGE model for Europe. To visualize the efficiency-equity trade-off, implicit welfare weights are calculated making the BSA a welfare optimum for the EU. The conclusion drawn from their simulations is that even if richer member states have been assigned relatively high abatement efforts and poorer ones are allowed to emit more, this differentiation does not go far enough. 4 Babiker et al. (2003) analyze to what extent the welfare costs associated with the BSA implementation depend on sectoral allocation of emission rights.
They find that equalizing MACs across sectors greatly reduces the burden but that 3 In a competitive permit market profit maximizing incentives will make pollutants undertake abatement measures until the marginal cost of the last ton avoided equals the market price of the pollution permits. 4 A disadvantage with both these analyses is that they have to make projections on future economic development, in particular energy efficiency improvements. These projections will drive their results and if not accurate will be a source of error for the analysis.
pre-existing tax distortions can make other allocations preferable. In addition, Viguier et al. (2003) quantify the economic impacts of the Kyoto commitment when each EU member state individually meets a CO 2 emission target.
The paper is structured as follows. In Section 2 a theoretical framework for computing MACs is provided. Section 3 gives the empirical model. First, the directional output distance functional form and the techniques to estimate this form is provided. Then, a model for analyzing the BSA is suggested. In Section 4 the data are described, and in Section 5 the empirical results are given. Finally, Section 6 offers summary and conclusions.
Theory

The directional output distance function
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. This means that the producer becomes more technically efficient when simultaneously increasing good outputs and decreasing undesirable outputs. The distance function takes the value of zero for technically efficient output vectors on the boundary of ) (x P , whereas positive values apply to inefficient output vectors below the boundary. The higher the value the more inefficient is the output vector. Finally, the directional output distance function satisfies the translation property
where α is a positive scalar. It is the additive analogue of the multiplicative homogeneity property of the Shephard output distance function (Färe et al., 2005 showed that relative shadow prices of undesirable outputs, in terms of the m:th good output, can be calculated from 6 The translation property states that if good output is expanded by αg y and bad output is contracted by αg b , then the value of the distance function will be more efficient with the amount α.
This is the marginal rate of transformation between the th j : undesirable output and the th m : good output, MRT jm , and where 0 ) (
The MAC is then measured in terms of decreased production of y m , which has to be met when reducing b j marginally, once all technical inefficiency has been eliminated.
The shadow-pricing model is illustrated in Figure 1 . 
3.
The empirical model
The directional output distance function
Following Färe et al. (2005) , the directional output distance function is parameterized using a (additive) quadratic flexible functional form. In our case, with one good output, one bad output, and three inputs, the particular form is 
where κ and τ are parameters representing country and time specific effects, respectively. The function is computed using both a linear programming technique (LP) and a Corrected Ordinary Least Squares (COLS) technique. 7, 8 How the functions are computed with the different techniques is described in the Appendix.
As in Färe et al. (2005) the directional vector g = (1,-1), where 1 refers to g y and -1 refers to -g b , is chosen (see Figure 1 ). This choice of direction is consistent with environmental regulations, which require reduction in bad outputs.
Analysing the BSA
The Climate Convention emphasizes that developed countries are mainly responsible for historical and current emissions of GHGs, and that developing countries must be allowed less demanding constraints so that their social and development needs can be fulfilled (Phylipsen et al., 1998) . Criticism against the BSA claims that equity has been overlooked and that the assigned emission reduction targets are against the Cohesion Member States, i.e., Spain, Portugal, Ireland, and Greece (Dessai, 1999) . 9 The purpose of this paper is to evaluate the BSA from both an equity and efficiency perspective. In order to accomplish that, the following regression model is suggested W contains other variables that possibly influenced the BSA, and these variables will also be described in Section 4. The last term on the right-hand side, v kt , is an error term that is uncorrelated with all other right-hand side variables and uncorrelated in time and across countries. The parameters to be estimated are φ , ζ , ω , and ρ . As the model in (9) is specified it is assumed that the BSA, which was settled in 1998, is based on historical information and expectations about the nearest future, covering the period 1990-2000.
Data
The directional output distance function is estimated using aggregated annual Protocol where emission allowances should be specified in number of tons of CO 2 -equivalent that can be emitted. Descriptive statistics for the inputs and outputs are provided in Tables 2 and 3 . Finally, when estimating the distance function, all variables were transformed into per capita terms.
To test the cost-efficiency and equity hypotheses, the BSA emission change variable (from Table 1 ) is regressed on the MAC variable, and variables representing national circumstances in accordance with the model in (9). The
Climate Convention states that national circumstances should be taken into account in the negotiations. The Triptych study (Phylipsen et al., 1998) tried to clarify which variables were important and how they should be accounted for. 14 The suggested circumstances relevant to promote equity were; standard of living, economic structure, energy efficiency, fuel mix in power generation, climate, and population size and growth. These circumstances constitute the basis for the elements of the vector Z in equation (9). Standard of living is approximated with mean Consumption expenditure per household in 1000 Euro for the year 1994.
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The Climate Convention emphasizes that developed countries are mainly responsible for historical and current emissions and should therefore make the largest reductions. According to UN-FCCC Article 4.7, economic and social development and poverty eradication are the first and overriding priorities of the developing country parties. This also applies to the EU Cohesion Member states.
Therefore, to promote equity, countries with currently low consumption expenditures should be given lighter environmental burdens.
There are differences in economic structure between countries resulting in differences in energy consumption and, therefore, GHG emissions. To capture such differences the relative size of the energy intensive manufacturing industry, Finally, the population size circumstance is accounted for by including the variable Population, measured in millions of inhabitants. The absolute demand for goods and services are largely determined by the population size, e.g., for personal transport, residential space heating/cooling, etc., and, therefore, results in a certain correlation between emissions and population size.
In addition, a set of other variables that potentially could have influenced the BSA settlement was added. These variables were represented by vector W in equation (9). Forests can be used as carbon sinks and absorb CO 2 from the atmosphere. To see if forest resources were taken into account, Forest land is included as millions of ha wooded area in 1995. Furthermore, since older cars are less energy efficient and have dirtier exhaust, the average age of the total number of cars, Car age, was included. Descriptive statistics for all these variables are provided in Table 4 .
Results
As in Färe et al. (2005) the directional output distance function is estimated on mean normalized input and output data. From Section 2 we know that for the distance function to be well-behaved it needs to be nonnegative and the constraints of null-jointness, monotonicity, symmetry, and the translation property need to hold. These constraints are imposed in LP. In COLS the properties of nonnegativity, translation, and symmetry are imposed, but monotonicity and nulljointness are tested for afterwards. The COLS estimation shows that null-jointness is satisfied for 119 observations (76 percent). Monotonicity in outputs is fully satisfied for GDP, and for 150 observations (96 percent) in the case of GHGs. 17 The parameters of the LP and COLS estimated distance functions are provided in Table   5 . The differences in percentage efficiency in Table 6 are artefacts of different levels of GDP and GHG. 21 The MAC figures refer to slopes on the estimated technological frontier. 22 The sample averages are somewhat higher, 570 for the LP model and 670 for the COLS model. 23 As the COLS procedure generate variance estimates, the Delta test was applied to create a confidence interval for the MAC estimate. The test is thoroughly described in, e.g., Greene (2002) . 24 The models and the associated MACs were: G-Cubed 167 $/ton, Poles 140 $/ton, GTEM 773 $/ton, WorldScan 78 $/ton, GREEN 196 $/ton and AIM 214 $/ton. 25 Scenario assumptions involving high population and GDP growth rates, a relatively clean fuel mix and high energy costs will lead to higher cost estimates. 26 Especially important is the assumptions regarding the ability to substitute labor and capital for energy and the inter-fuel substitution elasticity. The higher these substitution possibilities are assumed to be, the lower the MACs (OECD, 1998). 27 See for example Springer (2003) who gathers results from 25 models of the market for tradable greenhouse gas emission permits. The spectrum of prices ranges from 1 to 22 USD per ton CO 2 .
Our results reveal that MACs vary considerably between countries. For instance, Portugal faces a relatively high MAC and Luxembourg a relatively low MAC. One explanation for this could be that the functional form used is only a local approximation, and that countries that differ significantly from the rest may be assigned extreme MACs. The MACs also differ between LP and COLS, this is partly due to that null-jointness and monotonicity are not fulfilled for all observations in COLS. 28, 29 To evaluate the BSA from an efficiency-equity perspective, hypothesis tests are performed given the regression model in (9). The resulting estimates are provided in ζ , indicates that countries with larger population were given heavier burdens, which do not support equity .
Regarding the additional variables, the positive coefficient for Forest land, 1 ρ , indicates that countries with wide forest areas were assigned lighter environmental burdens, recognizing the carbon sink function. Furthermore,, the Car age coefficient, 2 ρ , indicates that countries with comparatively old cars were considered able to make larger emission reductions.
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The directional vector plays a role in determining shadow prices for interior output bundles of the output possibilities set, ) (x P , in (1). As in Färe et al. (2005) projections to the technological frontier are made in a direction that increases good output and decreases bad output. A direction which would keep bad output constant and increasing good output, which corresponds to the directional vector, ) 0 , 1 ( = g , would be expected to lead to lower shadow prices of bad output. However, this does not necessarily mean that our conclusions from evaluating the BSA do not hold. To check whether these conclusions are sensitive to direction of projecting inferior output bundles to the frontier, the procedure in (9) is also accomplished given that 30 If multicollinearity is present the estimates may be afflicted with uncertainty, reflected by lower tvalues due to larger variances. Then, even if the OLS estimator is unbiased, large variance may result in parameter estimates showing the wrong sign. To reduce multicollinearity, and to check whether it influenced the conclusions, a reduced model was estimated excluding Oil share and Electricity share. This means that each circumstance that the Triptych study considered important for equity was approximated with one single variable. In the reduced model, t-values for 6 out of 9 parameter estimates become larger and no estimate alters sign. Therefore, the conclusion drawn from the original model, that efficiency did not rule out equity is strenghtened (the reduced model results can be obtained from the authors on request).
the distance function in (1) is estimated conditional on ) 0 , 1 ( = g , using linear
programming. As it turns out, in general our conclusions do not alter. In light of these facts, the main purpose of this paper is to evaluate the BSA from both an economical and a political perspective performing hypothesis tests of whether cost-efficiency and equity were considered in the BSA settlements.
Variables used to perform the equity tests are chosen on the basis of the Triptych study and are readily available. However, the marginal abatement cost 31 The only coefficient that alters sign is the one for industry energy intensity. These results can be obtained from the authors on request.
(MAC) variable, used to test the cost-efficiency hypothesis, must be computed. As a first step, aggregate production data are used to compute MACs for each of the 15 
Figure 1
The shadow-pricing model Table 4 Standard Number of observations 131 131 * Denotes significance at 5% level. Due to lack of data, the number of observations is now less.
List of variables in
Ireland lacked data on gross-value added for the industry and is, therefore, excluded from the estimations. In addition, other countries lacked data on other variables for certain years. For instance, there is no observation on Road freight transport for the year 2000. Therefore, the BSA analysis covers the period 1990-1999. 
Appendix
and by specifying ) (⋅ D in (A4) as a quadratic function we get 
